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Semi-quantitative RT-PCR techniqueAluminum (Al) is the most inhibiting factor for plant root elongation in acidic soils. Boron (B) is an essential
micronutrient whose deﬁciency occurs in acid soils because of high leaching. Lisianthus (Eustoma grandiﬂorum L.)
is a plant to which Al seems to be beneﬁcial, but the range of B requirement for its growth is not documented
yet. Both Al toxicity and B deﬁciency result in oxidative stress in certain plants. The present study was aimed to
evaluate the effects of B and Al on the activity of antioxidant system of rooted cuttings of lisianthus. The plants
were grown in nutrient solution and treated with 0, 0.05 and 0.1 mM of boron and 0.88 mM of aluminum for
24 h. Activity of certain antioxidant enzymes and the contents of non-enzymatic antioxidants were evaluated.
The expression of CAT genewas quantiﬁed by semi-quantitative RT-PCR technique. Increase activities of superoxide
dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) and increase of ﬂavonoids and anthocyanin
contents was observed in the plants which treated with 0.1 mM B and 0.88 mM Al, compared to those treated
with 0 and 0.05 mM B. Increase of CAT activity was the most pronounced among antioxidant enzymes and was
parallel with increased expression of its gene. The results showed that Al and B (in higher concentration) provide
lisianthus plant with reinforced antioxidant system.
© 2012 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
Aluminum toxicity occurs in acid soils and is the main factor that
limits crop productivity in these areas (Kochian, 1995). At pH below
5.0, Al is available as phytotoxic Al3+ ions (Hoekenga et al., 2003) and
its toxicity is usually attributed to its interaction with the negatively
binding sites of the apoplast (Cakmak and Horst, 1991). Aluminum,
even at very low concentrations, is toxic for many plants and causes
oxidative stress by increasing the formation of reactive oxygen species
(ROS) (Boscolo et al., 2003). Low concentrations of aluminum can some-
times increase plant growth or induce other desirable effects (Foy and
Fleming, 1982). It has been speculated that amendment of soils with
aluminum might be used as a means of disease control (Miyasaka
et al., 2007). It also may help plant to withstand against toxicity of
other heavy metals by hindering their absorption (Watanabe and Osaki,
2002). Aluminum may also be beneﬁcial for growth of certain plants by
activation of their antioxidant enzymes (Ghanati et al., 2005).
Boron (B) is an essential micronutrient required for the growth of
vascular plants and its main function is stabilizing the pectic network
in plant cell apoplast by forming dimmers of rhamnogalacturonan-IIse; B, boron; CAT, catalase; DTT,
rrrolidon; ROS, reactive oxygen
+98 21 82884717.
by Elsevier B.V. All rights reserved(RGII) (Matoh and Kobayashi, 1998). Nevertheless, the mechanism of
its role for regulation of plant growth and metabolism is yet to be clar-
iﬁed. B deﬁciency is the most widespread micronutrient deﬁciency
affecting the productivity of many important crops in acid soils due to
losses by leaching (Shorrocks, 1997). Blevins and Lukaszewski (1998)
noted that symptoms of B deﬁciency and Al toxicity are very similar,
both affecting cell wall physical and chemical features and also are asso-
ciated with membrane function. It is assumed that the cytoskeleton-
plasma membrane-extracellular matrix continuum may be a primary
target of Al toxicity and B deﬁciency (Yu et al., 2009). It has been also
reported that both deﬁcient and excess concentrations of B supply can
result in accumulation of ROS and oxidative stress (Cervilla et al., 2007;
Koshiba et al., 2009). Boron forms complexeswith phenolics. Under B de-
ﬁciency phenolics can be oxidized (enzymatically or non-enzymatically)
and result in the formation of quinines and free oxygen radicals e.g. H2O2
(Cakmak and Römheld, 1997). It has been indicated that the degree of
oxidative cellular damage in plants exposed to abiotic stresses is con-
trolled by the capacity of the antioxidant system. Enhancement of antiox-
idant capacitymay protect plants under speciﬁc conditions but it will also
interfere with the signaling cascade involved in plant adaptation (Dat et
al., 2000). A main protective role against ROS is attributed to SOD in cat-
alyzing anddismutation of superoxide anions toO2 andH2O2. The latter is
a signaling intermediate in programmed cell death and is mostly con-
sumed in peroxidation of membrane lipids (Cakmak and Horst, 1991),
increase of the mechanical strength and lowering the extensibility of
plant cell walls (Schopfer, 1996). Thus, the scavenging of H2O2 in cells is.
Table 1
Desired sequence for the primer of CAT gene of lisianthus.
Primer Primer sequence Tm (°C) GC %
Forward 5′GTTTCTCACCTCACCTGTGCCG 3′
(22 mer)
60.3 59.1
Reverse 5′CAGCGGCAATCGAATCGTACAG 3′
(22 mer)
61.3 54.5
14 F. Rezaee et al. / South African Journal of Botany 84 (2013) 13–18critica1 to avoid oxidative damage. This is achievedmainly by the activity
of CAT, PO, APX. Plant polyphenols e.g., anthocyanins and ﬂavonoids are
also of ROS scavenging compounds. In the ﬂavonol-guaiacol peroxidase
reaction, ascorbate has the potential to regenerate ﬂavonols by reducing
the oxidized product, evidencing that the ﬂavonoid peroxidase reaction
can function as a mechanism for H2O2 scavenging in plants (Yamasaki
et al., 1997). The role of B in regulation of the gene expression or regula-
tion of the activity of certain enzymes e.g., antioxidant enzymes has been
proved (Keles et al., 2011). Boron has been thought to have a physiolog-
ical and biochemical role in phenolics and carbohydrates metabolism.
Boron deﬁciency leads to a shift in the substrate ﬂux from glycolysis
into the pentose phosphate pathway, enhancing phenol synthesis and
the formation of borate complexes with some phenolics such as caffeic
acid (Dugger, 1983).
An important aspect observed within a species is the narrow ade-
quate range usually found between critical levels for B deﬁciency and B
toxicity, and that the adequate range is not the same for different species
and cultivars. Therefore, the evaluation of genotypes for their critical B
levels is important. Lisianthus (Eustoma grandiﬂorum L.) is a plant to
which Al seems to be beneﬁcial (Liao et al., 2001), but its range for B
requirement is unclear. The present research was conducted in order to
compare the effects of Al and different concentrations of B on the activity
of antioxidant system of rooted cuttings of this plant.
2. Material and methods
One year-old rooted cutting of Lisianthus (Eustoma grandiﬂorum L.,
Gentianaceae) were transferred to hydroponics with a modiﬁed nutri-
ent solution .The composition of nutrient solution was as follows (in
mM): Ca(NO3)2, 2.5; KNO3, 2.5; MgSO4, 1.0; KH2PO4, 0.5; Fe-EDTA,
0.032; H3BO3, 0.05; MnCl2, 0.0091; ZnCl2, 0.00076; CuCl2, 0.00031;
Na2MoO4, 0.00021(pH 6.0).
The containers incubated in a growth chamber at 25±2 °Cwith 16 h
photoperiod (with a photosynthesis photon ﬂux of 115 μM m2 s−1 at
the plant level) for 30 days. The media were aerated daily and renewed
every four days.
Before starting for the treatments the pH of the nutrient solutions
was adjusted to 4.5. Boron was added as H3BO3, and Al was applied as
AlCl3. The plants were divided to 4 groups including control (containing
0.05 mM B), −B (without B), +B (contain 0.1 mM B) and+Al
(containing 0.05 mMB and 0.88 mMAl). The experimentwas achieved
in a completely random design. After 24 h, the plants were harvested,
washed with distilled water, immediately frozen in liquid nitrogen,
and kept at−70 °C until used for further analysis.
2.1. Determination of aluminum and boron content
Aluminum content of the samples was determined by atomic ab-
sorption spectroscopy (Vista-PRDCCD simultaneous, Australia) after
wet-digestion of ashed samples. Boron content of the sampleswas de-
termined according a modiﬁed Azomethin-H method Samples were
ashed and then extracted with 1 mL of 0.36 N H2SO4. After ﬁltration,
the volumes of the samples were brought to 900 μL with Azomethin-
H buffer (contained 28 g ammonium acetate, 2 g potassium acetate,
2 g Na2EDTA, 0.8 g nitrilotriacetic acid) and made up to 40 mL by
deionized water). The boron content was determined by the absor-
bance at 420 nm and using solution standards of 0–30 μM B (Ghanati
et al., 2001).
2.2. Extraction and assay of ROS scavenging enzymes
The activity of superoxide dismutase (SOD) was assayed by monitor-
ing the inhibition of photochemical reduction of nitroblue tetrazolium
(NBT) (Giannopolitis and Ries, 1977). In brief, frozen samples were
homogenized in HEPES-KOH buffer (pH 7.8) containing 0.1 mM EDTA.
The homogenate was centrifuged at 15,000 ×g for 15 min at 4 °C.Reaction mixture consisted of 50 mM HEPES-KOH buffer (pH 7.8),
0.1 mM EDTA, 50 mM Na2CO3 (pH 10.2), 12 mM L-methionine, 75 μM
NBT, 300 μL enzyme extract and 1 μM riboﬂavin. One unit of SOD activity
was deﬁned as the amount of enzyme required to cause 50% inhibition of
the rate of NBT reduction measured at 560 nm.
For measurement of CAT and PO activity the frozen roots were ho-
mogenized in 25 mM Na-phosphate buffer (pH 6.8) using a mortar and
pestle and centrifuged at 12,000 ×g for 20 min at 4 °C. The supernatant
was used as a crud enzyme solution. The 3 mL reactionmixture consisted
of crud plant extract, Na-phosphate buffer (pH 6.8), 10 mMH2O2 diluted
in buffer, which initiated the reaction. The decrease in absorbance was
recorded followed by the decomposition of H2O2 at 240 nm per min
per mg protein. For PO activity assay reaction mixture (3 mL) contained
50 mM sodium acetate buffer (pH 5.0), 40 mM Н2О2, 20 mM guaiacol,
and appropriate amounts of crude extract. Reaction was initiated by
adding enzyme extract. Activity was expressed as changes in the absor-
bance at 470 nm against mg of protein (Cakmak and Horst, 1991).
Activity of ascorbate peroxidase (APX) was measured spectrophoto-
metrically by recording the decrease in absorbance at 290 nm for 1 min
(Nakano and Asada, 1981). In brief, samples were homogenized in 1 mL
of 50 mM Na-phosphate buffer (pH 7.8) containing 5 mM ascorbate,
5 mM Dithiothritol (DDT), 5 mM EDTA, 100 mM NaCl and 2% (w/v)
Polyvinylpyrrrolidon (PVP). The homogenate was centrifuged at
15,000 ×g for 15 min at 4 °C. The 3 mL reaction mixture contained
of crud plant extract, 50 mM Na-phosphate buffer (pH 7.8) and
44 μM H2O2. All reagents were prepared in buffer. The rate constant
was calculated using the extinction coefﬁcient of 2.8 mM−1 cm−1 per
mg protein. Protein content was determined by the method of Bradford
(1976), with bovine serum albumin (BSA) as a standard.
2.3. Measurement of ﬂavonoid, anthocyanin, and soluble sugar contents
In order to determine the ﬂavonoid content, frozen roots were
extracted in ethyl alcohol: acetic acid (99:1, v/v). The homogenate
was centrifuged at 3000 ×g for 15 min. The supernatant were gently
boiled for 10 min in a water bath at 80 °C. Absorbance was measured
at 270, 300 and 330 nm considering the extinction coefﬁcient of
33,000 M−1 cm−1 and ﬂavonoid contents were calculated cumulative-
ly (Krizek and Britz, 1998). For the measuring of anthocyanins content,
frozen roots were extracted in methanol:hydrochloric acid (99:1, v/v).
The homogenate was centrifuged at 1000 ×g for 10 min and the super-
natant kept overnight in the dark condition. The absorbance was deter-
mined at 550 nm. Anthocyanin concentration was calculated using an
extinction coefﬁcient of 33000 M−1 cm−1 (Krizek and Britz, 1998).
The content of soluble sugar in roots samples was determined using
the phenol-sulfuric acid method (Dubois et al., 1956). Root extracts
weremixedwith 5% phenol and 98% (w/w) H2SO4 at room temperature.
The content of sugarwas recorded calorimetrically at 480 nm(for xylose
and rhamnose), 485 nm (for glucose) and 490 nm (for mannose) based
on standards of 0–30 μg mL−1 for each sugar.
2.4. Determination of lipid peroxidation level
In order to determine membranes damage in samples, the TBA test
was used by measuring malonyldealdehyde (MDA) as the end ﬁnal
product of peroxidation of membranes lipids (De Vos et al., 1991).
In brief, roots were homogenized in TCA solution (10% w/v) and
Table 2
Aluminum and B contents of lisianthus roots treated with or without Al and B. Control
(0.05 mM B),−B (0 B), +B (0.1 mM B), +Al (containing 0.05 mM B and 0.88 mM Al).
Treatments Aluminum content (mg/kg) B content ( mg/kg)
Ctrl 3.36±0.35b 0.32±0.02b
-B 3.00±0.15b 0.15±0.01c
+B 3.16±0.05b 0.89±0.05a
+Al 16.56±2.15a 0.28±0.01b
Different letters show signiﬁcant differences at p≤0.05, according to LSD. Data are
mean±SD, n=3. 0
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Fig. 2. Activity of CAT in lisianthus roots treatedwith B andAluminum.Data are presented as
the means±SD with n=3. Bars with different letters are signiﬁcantly different at p≤0.05,
according to LSD. Control (0.05 mM B), −B (0 B), +B (0.1 mM B), +Al (containing
0.05 mM B and 0.88 mM Al).
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water bath for 30 min. The amount of MDA was determined from
the absorbance at 532 nm followed by correction for the non speciﬁc
absorbance at 600 nm and calculated from the extinction coefﬁcient
155 mM−1 cm−1.
2.5. Semi-quantitative RT-PCR analysis
The change of transcription level of the CAT gene in different treat-
ments was monitored by semi-quantitative RT-PCR technique and the
expression of tubulin was examined as an internal control. Total RNA
from root tips were prepared using RNX™+ (CinnaGen, Iran) reagent
according to the manufacturer's instructions. The quality and quantity
of RNA was examined using agarose gel electrophoresis and spectros-
copy, respectively. The puriﬁed RNA (3 μg) was used for synthesis of
ﬁrst strand cDNA using oligo dT18 as a primer and First-Strand cDNA
synthesis Kit (Fermentas, Canada) according to the manufacturer's in-
struction. Polymerase chain reaction was performed in 20 μL reaction
mixture containing 0.3 μL of ﬁrst-strand cDNA, 0.5 U of recombinant
Taq DNA polymerase (CinnaGen, Iran), 10 mM Tris–HCl (pH 8.8),
50 mM KCl, 1.5 mM MgCl2, 200 μM of each deoxynucleoside triphos-
phate and 4 μM of forward and reverse primers (Table 1).
The PCR ampliﬁcation of Catalase or Tubulin transcripts were
performed by initial denaturation at 94 °C for 1 min and the ampliﬁca-
tion was performed by 30 cycles of denaturation for 30 s, annealing at
57 °C (Cat) or 58 °C (Tub) for 25 s, and extension at 72 °C for 1 min
followed by a extension at 72 °C for 10 min. PCR productswere separat-
ed on 1.2% agarose gel electrophoresis. The band intensity on the gel
stained with ethidium bromide was measured by UV Documentation
Luminescent Image Analysis software (England). The nucleotide se-
quences of ampliﬁed fragment of genes were conﬁrmed from both
strands sequencing (Macrogen, Korea) (AB536743.1).
2.6. Statistical analysis
All of the experiments were carried out with at least three indepen-
dent repetition using three samples, and all of the data are expressed0
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Fig 1. Activity of SOD in lisianthus roots treatedwith B and Aluminum. Data are presented
as the means±SD with n=3. Bars with different letters are signiﬁcantly different at
p≤0.05, according LSD. Control (0.05 mMB),−B (0 B), +B (0.1 mMB), +Al (containing
0.05 mM B and 0.88 mM Al).as the mean values±the standard deviation (SD). An ANOVA procedure
of the statistical program SPSS 15.0was used for analysis of variance. The
signiﬁcance of differences between treatments was evaluated using LSD
test at level of p≤0.05.3. Results and discussion
As shown in Table 2, both B and Al were easily absorbed by lisianthus
roots (Table 2). The activity of SOD in Al-treated and B-deﬁcient samples
was signiﬁcantly higher than those of the control plants (Fig. 1). Activity
of SOD in 0.1 mMB-treated samples however, was lower than that of the
control ones (Fig. 1). Activity of CAT was remarkably enhanced in the
presence of Al, as well as in 0.1 mM B treatments, but decreased in
B-deﬁcient samples, compared to the control ones (Fig. 2).
The activity of APX in all treatmentswas signiﬁcantlymore than that
of the control group. Al-treated roots showed the highest activity of APX
(Fig. 3). Activity of guaiacol peroxidase (PO) decreased in all treatments,
in comparison with the control group (Fig. 4). The lowest PO activity
was observed in those cells which were treated with 0.1 mM B.
Total ﬂavonoid contents of lisianthus roots signiﬁcantly increased by
Al and 0.1 mM of B, but signiﬁcantly declined in B deﬁcient roots, com-
pared to that of the control group (Table 3). While anthocyanin content
did not change by B deﬁciency, signiﬁcantly enhanced by Al and 0.1 mM
B, compared to that of the control cells.
Changes in soluble sugar contents of lisianthus roots are shown in
Table 4. Signiﬁcant enhancement were observed in glucose, mannose,
rhamnose and xylose contents in Al and +B treatments, compared to
those of the control. Nevertheless, no signiﬁcant difference was observed
between the sugar contents of +Al and +B treatments (Table 4).0
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Fig. 3. Activity of APX in lisianthus roots treated with B and Aluminum. Data are presented
as the means±SD with n=3. Bars with different letters are signiﬁcantly different at
p≤0.05, according to LSD. Control (0.05 mMB),−B (0 B),+B (0.1 mMB),+Al (containing
0.05 mM B and 0.88 mM Al).
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Fig. 4. Activity of PO in lisianthus roots treatedwith B andAluminum.Data arepresented as
the means±SDwith n=3. Bars with different letters are signiﬁcantly different at p≤0.05,
according to LSD. Control (0.05 mM B), −B (0 B), +B (0.1 mM B), +Al (containing
0.05 mM B and 0.88 mM Al).
Table 4
Total contents of soluble sugars in roots of lisianthus treated with or without Al and B.
Control (0.05 mM B), −B (0 B), +B (0.1 mM B), +Al (containing 0.05 mM B and
0.88 mM Al).
Ctrl -B +B +Al
Glucose 301.4±26.6b 299.8±25.8b 402.7±31.0a 385.8±24.4a
Mannose 335.9±33.4b 338.7±28.7b 450.2±30.5a 438.3±29.0a
Ramnose 179.0±16.0b 192.5±13.4b 230.0±14.7a 235.9±5.7a
Xylose 162.1±14.5b 174.4±12.22b 202.9±4.4a 213.6±5.2a
Different letters show signiﬁcant differences at p≤0.05, according to LSD. Data are
mean±SD, n=3.
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signiﬁcantly lower than control (Fig. 5). No difference was observed
between lipid peroxidation rate of 0 and 0.1 mM B-treated cells and
both were lower than that of Al-treated ones (Fig. 5).
The risk of accumulation of ROS have been considered deleterious
consequences of Al toxicity, B deﬁciency, and B toxicity (Cervilla et al.,
2007; Koshiba et al., 2009; Ramirez-Benitez et al., 2011). Several mecha-
nisms are in place to neutralize free radicals and prevent oxidant stress,
including increase of the activity of ROS scavenging enzymes. Superoxide
dismutase is the major enzyme involved in detoxiﬁcation of ROS which
breaks superoxide anions. However, an increase in SOD activity might
enhance cytotoxicity by active oxygen species likely owing to the accel-
erated H2O2 generation and subsequent OH· over production by the
metal catalyzed Haber–Weiss reaction (Agarwal and Shaheen, 2007).
Among antioxidant enzymes, catalase has a crucial role in protecting
cells against oxidative damage, by breaking hydrogen peroxide down to
water and oxygen (Guan and Scandalios, 1995). Changes in the capacity
of a plant to scavenge H2O2 may be resulted from increased activities of
scavenger enzymes or increase of expression of its gene(s) thereby in-
creases of corresponding proteins. Expression of CAT gene in roots of
lisianthus was analyzed by semi-quantitative RT-PCR technique using
tubulin as an internal control (Figs. 6 and 7). The expression of CAT
gene clearly increased in Al and 0.1 mM B treatments but decreased in
-B treatment. The CAT gene expression pattern was coincident with the
activity of CAT. Genetics-based studies in plants suggested the involve-
ment of oxidative stress in Al toxicity and most of Al-induced genes are
generally stress-inducible genes (Ezaki et al., 2001). Enhancement of
antioxidant capacity may protect plants under speciﬁc conditions but
it will also interferewith the signaling cascade involved in plant adapta-
tion (Dat et al., 2000). Previous studies have introduced Al beneﬁcial to
lisianthus by increasing vase life of its cutting ﬂowers (Liao et al., 2001).
Aluminum has been also introduced as a beneﬁcial element for Tea
plant and Tea cells through enhancing the activity of antioxidant
enzymes (Ghanati et al., 2005). The results presented here showed
that similar mechanism can be postulated for the effects of Al onTable 3
Total contents of ﬂavonoids and anthocyanin of lisianthus roots treated with or with-
out Al and B. Control (0.05 mM B), −B (0 B), +B (0.1 mM B), +Al (containing
0.05 mM B and 0.88 mM Al).
Flavonoids content Anthocyanin content
(μM/mg FW)
Ctrl 254.02±11.0 c 22.86±2.4b
-B 220.41±9.1 d 23.73±2.2b
+B 343.34±11.8 a 18.61±9.1c
+Al 273.86±10.3 b 29.34±1.8a
Different letters show signiﬁcant differences at p≤0.05, according to LSD. Data are
mean±SD, n=3.lisianthus. According to the results Al was easily absorbed by lisianthus
roots during 24 h and triggered the activity of SOD, CAT and APX as
major antioxidant enzymes. Superoxide dismutase is the ﬁrst enzyme
in the cascade of enzymatic antioxidant system that converts the de-
structive superoxide radicals into hydrogen peroxide andmolecular ox-
ygen (Noctor and Foyer, 1998). The act of this enzyme decreases the
risk of hydroxyl radical from superoxide via the metal-catalyzed
Haber-Weiss-type reaction (Agarwal and Shaheen, 2007) meanwhile
increases the amount of toxic H2O2. Therefore, hydrogen peroxide
should be detoxiﬁed. Although all H2O2 scavenger enzymes act in a coop-
erative or synergistic way for the survival of the cell even under normal
conditions (Michiels et al., 1994), it is more likely that among ROS scav-
enger enzymes, CAT is the key enzyme that effectively eliminates H2O2,
thereby regulates the activity of APX (Ghanati et al., 2005). Increase of
SODactivity in Bdeﬁcient plantswas not followedby the increased activ-
ity of CAT or increase of its gene transcripts. Instead, in these plants only
the activity of APXwas subsequently increased. The ﬂavonoid content of
B-deﬁcient plants was low and no signiﬁcant increase was observed in
their anthocyanin content either, compared to that of the control plants.
Therefore, it is more likely that increased APX activity was sufﬁcient to
lower the risk of lipids peroxidation of membranes of B-deﬁcient plants.
In lisianthus plants treated with Al, increase of CAT and APX activity
was remarkable, compared to the control plants. Remarkable increase
of CAT activitywasparallelwith prominent expression of its gene. Besides
the increase of the activity of antioxidant enzyme, signiﬁcant increase of
the contents of non-enzymatic antioxidants e.g., ﬂavonoids and anthocy-
anins in Al treatment provided the plants with higher antioxidant capac-
ity and lowering membrane lipid peroxidation. Results of numerous
experiments have shown that the range of B levels that may result in B
deﬁciencies or toxicity symptoms is relatively narrow, compared with
ranges of most other plant nutrients (Gupta, 2007). In the present re-
search when B supply increased twice than the control, the activity of
SOD and PO decreased, but signiﬁcant increase was observed in the ac-
tivities of CAT and APX. Increased activity of CAT was again coincident0
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Fig. 5. Effect of Al and B on the rate of lipid peroxidation of lisianthus roots. The plants
were treated with 0.88 mM Al (+Al) and 0 mM B (−B), 0.05 mM B (control) and
0.1 mM B (+B) in nutrient solution for 24 h. Bars represent means±SD, n=3. Signs
with different letters in each group indicate signiﬁcant differences at p≤0.05 according
to LSD.
Fig. 6. Expression of CAT gene in lisianthus roots. The plants were treated with 880 μM Aluminium (+Al) and 0 B (−B), 0.05 mM of B (control) and 0.1 mM of B (+B) in nutrient
solution for 24 h. The expression of gene was examined by a semi-quantitative RT-PCR technique using tubulin as an internal control.
17F. Rezaee et al. / South African Journal of Botany 84 (2013) 13–18with increase of the expression of its gene. Contents of ﬂavonoids and
soluble sugar also showed remarkable enhancement, suggesting that
lisianthus requires higher amounts of B for optimum growth and devel-
opment. To the best of our knowledge the range for B requirement by
lisianthus is unclear and the present study is the ﬁrst report in this
connection.
4. Conclusion
Overall, the results reported here show that treatment of lisianthus
plants with Al resulted in increased antioxidant enzymes activity, in
particular of CAT, increase of ﬂavonoids, and elevated soluble sugars
contents, compared to both control plants and those B deﬁcient ones.
The results suggest that Al provides lisianthus plantswithmore efﬁcient
conditions for growth and development. Increase of B supply to the
plants also enhances the plant capacity to detoxify ROS, suggesting a
higher requirement for B by this plant.
References
Agarwal, S., Shaheen, R., 2007. Stimulation of antioxidant system and lipid peroxidation by
abiotic stresses in leaves of Momordica charantia. Brazilian Journal of Plant Physiology
19, 149–161.
Blevins, D.G., Lukaszewski, K.M., 1998. Boron in plant structure and function. Annual
Review of Plant Physiology and Plant Molecular Biology 49, 481–500.
Boscolo, P.R.S., Menossi, M., Jorge, R.A., 2003. Aluminum-induced oxidative stress in
maize. Phytochemistry 62, 181–189.
Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of utilizing the principle of protein- dye binding. Analytical Biochemis-
try 72, 248–254.
Cakmak, I., Horst, W.J., 1991. Effect of aluminium on lipid peroxidation, superoxide
dismutase, catalase, and peroxidase activities in root tips of soybean (Glycine max).
Physiologia Plantarum 83, 463–468.0
40
80
120
Ctrl -B +B Al
CA
T 
G
en
e 
Ex
pr
es
si
on
 (%
)
Treatments
a
b
c
c
Fig. 7. Quantization of expression of CAT gene in lisianthus roots. The band intensity on the
gelwasmeasuredbyUVDocumentation Luminescent ImageAnalysis software and thenwas
quantiﬁed using Image Guage software. +Al, 0.88 mM Al; −B, 0 mM B; Ctrl, 0.05 mM B;
+B, 0.1 mM B.Cakmak, I., Römheld, V., 1997. Boron deﬁciency-induced impairments of cellular functions
in plants. Plant and Soil 193, 71–83.
Cervilla, L.M., Blasco, B., Rios, J.J., Romero, L., Ruiz, J.M., 2007. Oxidative stress and
antioxidants in tomato (Solanum lycopersicum) plants subjected to boron toxicity.
Annals of Botany 100, 747–756.
Dat, J., Vandenabeele, S., Vranova, E., Van Montagu, M., Inze, D., Van Breusegem, F., 2000.
Dual action of the active oxygen species during plant stress responses. Cellular and
Molecular Life Science 57, 779–795.
De Vos, C.H.R., Schat, H., De Waal, M., Vooijs, R., Ernst, W.H.O., 1991. Increased resistance
to copper- induced damage of the root plasmalema in copper tolerant Silene
cucubalus. Physiologia Plantarum 82, 523–528.
Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A., Smith, F., 1956. Colorimetric method for
determination of sugars and related substances. Analytical Chemistry 28, 350–356.
Dugger, W.M., 1983. Boron in plant metabolism. In: Lauchli, A., Beileski, R.L. (Eds.),
Encyclopedia of Plant Physiology, vol. 15B3. Springer Verlag, Berlin, pp. 626–650.
Ezaki, B., Katsuhara, M., Kawamura, M., Matsumoto, H., 2001. Different mechanisms of four
aluminum (Al)-resistant transgenes for Al toxicity in Arabidopsis. Plant Physiology
127, 918–927.
Foy, C.D., Fleming, A.L., 1982. Aluminum tolerance of two wheat cultivars related to nitrate
reductase activities. Journal of Plant Nutrition 5, 1313–1333.
Ghanati, F., Morita, A., Yokota, H., 2001. Selection and partial characterization of boron-
tolerant tobacco cell line. Soil Science and Plant Nutrition 47, 405–410.
Ghanati, F., Moritam, A., Yokota, H., 2005. Effects of aluminum on the growth of tea
plant and activation of antioxidant system. Plant and Soil 276, 133–141.
Giannopolitis, C.N., Ries, S.K., 1977. Superoxide dismutase I Occurrence in higher
plants. Plant Physiology 59, 309–314.
Guan, L.M., Scandalios, J.G., 1995. Developmentally related response of maize catalase
genes to salicylic acid. Proceedings of the National Academy of Sciences of the
United States of America 92, 5930–5934.
Gupta, U.C., 2007. Boron. In: Barker, A.V., Pilbeam, D.J. (Eds.), Handbook of Plant Nutrition.
Tylor & Francis group CRC Press, Boca Raton FL, pp. 241–269.
Hoekenga, O.A., Vision, T.J., Shaff, J.E., Monforte, A.J., Lee, G.P., Howell, S.H., Kochian,
L.V., 2003. Identiﬁcation and characterization of aluminum tolerance loci in
Arabidopsis (Landsberg erecta Columbia) by quantitative trait locus mapping. A
physiological simple but genetically complex trait. Plant Physiology 132, 936–948.
Keles, Y., Ergün, N., Öncel, I., 2011. Antioxidant enzyme activity affected by high boron
concentration in sunﬂower and tomato seedlings. Communications in Soil Science
and Plant Analysis 42, 173–183.
Kochian, L.V., 1995. Cellular mechanism of aluminum toxicity and resistance in plants.
Annual Review of Plant Physiology and Plant Molecular Biology 46, 237–260.
Koshiba, T., Kobayashi, M., Matoh, T., 2009. Boron deﬁciency: how does the defect in
cell wall damage the cells? Plant Signaling & Behavior 4, 557–558.
Krizek, D.T., Britz, S.J., 1998. Inhibitory effects of ambient levels of solar UV-A and UV-B
radiation and growth on cv. New red ﬁre lettuce. Physiologia Plantarum 103, 1–7.
Liao, L.J., Lin, Y.H., Huang, K.L., Chen, W.S., 2001. Vase of life Eustoma grandiﬂorum as affected
by aluminum sulfate. Botanical Bulletin of Academia Sinica 42, 35–38.
Matoh, T., Kobayashi, M., 1998. Boron and calcium, essential inorganic constituents of pectic
polysaccharides in higher plant cell walls. Journal of Plant Research 111, 179–190.
Michiels, C., Raes, M., Toussaint, O., Remacle, J., 1994. Importance of Se-glutathione
peroxidase, catalase, and Cu/Zn-SOD for cell survival against oxidative stress.
Free Radical Biology & Medicine 17, 235–248.
Miyasaka, S.C., Hue, N.V., Dunn, M.A., 2007. Aluminum. In: Barker, A.V., Pilbeam, D.J.
(Eds.), Handbook of Plant Nutrition. Tylor & Francis group CRC Press, Boca Raton
FL, pp. 439–484.
Nakano, Y., Asada, K., 1981. Hydrogen peroxide is a scavenged by ascorbate-speciﬁc
peroxidase in spinach chloroplasts. Plant & Cell Physiology 22, 867–880.
Noctor, G., Foyer, C.H., 1998. Ascorbate and glutathione: keeping active oxygen under
control. Annual Review of Plant Physiology and Plant Molecular Biology 49,
249–279.
Ramirez-Benitez, J.E., Munoz-Sanchez, J.A., Becerril-Chi, K.M., Miranda-Ham, M.L.,
Castro-Concha, L.A., Hernandez-Sotomayor, S.M.T., 2011. Aluminum induces
changes in oxidative burst scavenging enzymes in Coffea arabica L. suspension
cells with differential Al tolerance. Journal of Inorganic Biochemistry 105,
1523–1528.
Schopfer, P., 1996. Hydrogen peroxide mediated cell wall stiffening in vitro in maize
coleoptiles. Planta 199, 43–49.
18 F. Rezaee et al. / South African Journal of Botany 84 (2013) 13–18Shorrocks, V.M., 1997. The occurrence and correction of boron deﬁciency. Plant and
Soil 193, 121–148.
Watanabe, T., Osaki, M., 2002. Mechanisms of adaptation to high aluminum condition in
native plant species growing in acid soils: A review. Communications in Soil Science
and Plant Analysis 33, 1247–1260.Yamasaki, H., Sakihama, Y., Lkehara, N., 1997. Flavonoid-peroxidase reaction as a detoxiﬁ-
cation mechanism of plant cells against H202. Plant Physiology 11, 1405–1412.
Yu, M., Shen, R., Xiao, H., Xu, M., Wang, H., Wang, H., Zeng, Q., Bian, J., 2009. Boron
alleviates aluminum toxicity in pea (Pisum sativum). Plant and Soil 314, 87–98.
